IN ECTOTHERMIC ORGANISMS, long-term cold exposure leads to an array of adaptational physiological changes to compensate for the decelerating effect of low temperatures on metabolic processes. One of these compensatory mechanisms is the proliferation of mitochondria, which is reflected in enhanced mitochondrial densities in tissues of temporarily cold-acclimated as well as in permanently cold-adapted fish (11, 23) . The increase in the number of mitochondria is usually associated with an increase in tissue-specific activity of cytochrome-c oxidase (CCO). Several studies have shown that acclimation to low temperatures provokes a compensatory increase of CCO activity in fish tissues (2, 42, 46) . The CCO enzyme complex consists of 13 subunits, three of which are encoded on mitochondrial DNA (mtDNA), whereas the remaining 10 subunits are encoded in the nuclear genome. Several studies on CCO expression in mammalian tissues suggest that levels of mitochondrial encoded rather than nuclear encoded subunits are limiting for the assembly of the CCO holoenzyme (19; see Ref. 24) . Therefore, the present study concentrates mainly on temperature effects on the expression of mitochondrial-encoded CCO subunits. The circular mtDNA codes for 2 rRNAs, 13 mRNAs, and several tRNAs. mtDNA possesses only one transcription initiation site, which is located upstream from the rRNA coding regions. Transcription can either be terminated after the two rRNAs have been synthesized or proceed until the entire H strand is transcribed into one polycistronic message that is processed into individual mRNAs. Therefore, proteinencoding mitochondrial genes are transcribed with a 1:1 stoichiometry, whereas rRNAs are usually transcribed at higher rates (see Ref. 5) .
Biogenesis of mitochondria in response to physiological stimulation has been subject to a number of investigations on mammalian tissues. From these studies it appears that physiological stimuli (electrical stimulation of skeletal muscle or cold exposure of liver or brown adipose tissue) induce a coordinate upregulation of both nuclear and mitochondrial-encoded CCO transcripts (21, 24, 29) . Different mechanisms have been described to achieve the coordinate expression of both genomes. Common transcription factors (e.g., MT 3 and MT 4) may directly enhance the transcription of nuclear as well as mitochondrial genes, or nuclear transcription factors indirectly influence mitochondrial gene expression (see Ref. 30 ). The nuclear transcription factors NRF-1 and NRF-2 control not only the expression of a variety of nuclear genes coding for proteins involved in oxidative phosphorylation but also the expression of the nuclear-encoded mitochondrial transcription factor A, which regulates mitochondrial transcription (see Ref. 30) . This mechanism may ensure that the induction of NRF-1 or -2 leads to a coordinate expression of both nuclear and mitochondrial CCO genes.
In mammalian tissues, the increased expression of CCO in response to physiological stimuli is achieved not only by an increase in CCO-specific message but also by enhanced translation rates (21, 24) . In ectothermic organisms, increased CCO expression during cold exposure is aggravated by the inhibitory effect of low temperature on biochemical reactions. Net CCO synthesis must be upregulated despite the decelerating effect of low temperatures. This can be achieved by a relative increase of CCO synthesis over degradation rates. Whereas for most metabolic processes complete temperature compensation is sufficient to maintain the physiological steady state despite temperature changes, the cold-induced enzyme expression may require an overcompensation of the rates of transcriptional and/or translational processes if the protein half-life remains unchanged. Therefore, the investigation of cold-induced gene expression is especially interesting in ectothermic organisms, where physiological processes are directly affected by environmental temperature change.
The aim of this study was to investigate by which mechanisms cold exposure alters the expression of CCO in eurythermal and cold stenothermal fish.
To this end we compared confamilial species of eelpout (Zoarcidae) that are either permanently adapted to low temperatures ϳ0°C (Pachycara brachycephalum from the Antarctic) or that have been temporarily acclimated to the same low temperature (Zoarces viviparus from the North Sea). With this approach we wanted to identify possible differences in seasonal as opposed to evolutionary adaptation to cold.
MATERIAL AND METHODS
Animals. Benthic eelpout, P. brachycephalum, were caught at a depth of 500 m in the vicinity of King George Island (61°4 3.3ЈS, 59°12.5ЈW) on a cruise with the research vessel ''Polarstern'' in December 1996. Fish (length ϭ 27.7 Ϯ 2.4 cm) were kept in well-aerated water of 0.0 Ϯ 0.5°C under permanent dim light for 1 wk before being killed. The animals appeared to have been feeding well before capture, but they were starved during captivity. Z. viviparus, a related species from temperate waters, were caught in trawls in the German North Sea during the winter of 1997-1998. Fish (length ϭ 22.6 Ϯ 4.7 cm) were acclimated to 0.0 Ϯ 0.5°C and 18 Ϯ 1°C for at least 2 mo. Animals were kept under a 12:12-h light-dark cycle and were fed ad libitum twice a week.
Enzyme activity. Animals were anesthetized slightly with MS-222 (0.3 g/l) before being killed. Samples of white musculature and liver were removed quickly and were instantaneously frozen in liquid nitrogen. Previous tests showed that this treatment of the tissues does not lead to a significant loss of enzyme activity. More than 95% of CCO activity was recovered in frozen tissues. Tissues were pulverized under liquid nitrogen in 9 vol buffer (20 mM Tris · HCl, pH 7.4, 1 mM EDTA, 0.1% Tween 20) and homogenized briefly with an Ultra Turrax. CCO activity was determined according to Moyes et al. (31) in 20 mM Tris · HCl, pH 8.0, 0.5% Tween 20, 0.05 mM reduced cytochrome c. Cytochrome c was reduced by addition of excess sodium dithionite, which was removed by G-25 gel filtration. The decrease of the extinction at ϭ 550 nm was followed in a thermostatted spectrophotometer at 0, 9, and 18°C. Enzyme activity in units per gram tissue was calculated using an extinction coefficient (⑀ 550 ) for cytochrome c of 19.1 mmol/cm.
Construction of cDNA probes. Mouse CCO I, mouse CCO IV (25), mouse CCO II (31) , and rat 16S (25) were constructed by PCR from cellular DNA and cloned into the plasmid pCR-II. A human 18S probe was kindly provided by Dr. Eric Shoubridge (McGill Neurological Institute). Plasmids were digested with EcoR I, and the insert of interest was gel purified and quantified by ethidium bromide staining. About 50 ng doublestranded cDNA was radiolabeled with 50 µCi [ 32 P]dCTP using the random primer-based Ready-to-Go kit (Pharmacia) and purified on G25 columns.
Extraction and analysis of total RNA. Total RNA was recovered from frozen tissue by phenol-chloroform extraction according to Chomczynski and Sacchi (4) . Precipitated RNA of liver samples was washed twice in 4 M LiCl to remove glycogen. Total RNA was quantified spectrophotometrically in triplicate. A 280 :A 260 ratios were Ͼ1.8. Total RNA (5 µg) was glyoxylated according to Ausubel et al. (1) , and electrophoresis was performed on a 1% agarose gel at 4 V/cm. RNA was transferred to Duralon nylon membrane (Stratagene) by capillary transfer overnight in 20ϫ SSC (1ϫ SSC is 0.15 M NaCl and 0.015 M sodium citrate, pH 7.0). The membrane was washed briefly in 2ϫ SSC and ultraviolet crosslinked.
The membrane was prehybridized in 6ϫ SSC, 2ϫ Denhardt's reagent, and 0.1% SDS for 2-3 h at the respective hybridization temperature (see RESULTS) . After addition of the radiolabeled cDNA probe, the membrane was hybridized for 24 h at 42°C (for CCO I, II, and IV and 16S) or at 60°C (for 18S). Subsequently, the membrane was washed twice (15 min each) in 1ϫ SSC, 0.1% SDS, and twice (15 min each) in 0.25ϫ SSC, 0.1% SDS, at hybridization temperature. The intensity of bands was quantified by phosphoimaging using Molecular Dynamics phosphoimager and ImageQuant software at the Queens University Cancer Research Laboratory.
Statistical analysis. Statistical significance was tested at the P Յ 0.05 level using ANOVA and the post hoc StudentNewman-Keuls test for independent samples. Data are given as means Ϯ SE.
RESULTS
In the following, warm-acclimated Z. viviparus served as control group for both cold-acclimated as well as cold-adapted eelpout to reveal differential effects of seasonal versus permanent latitudinal cold on the expression of CCO.
CCO activity in muscle and liver tissue. CCO activity was determined at 0, 9, and 18°C in all experimental groups. Q 10 values of enzyme activity were not significantly different between groups and ranged between 1.4 and 1.5 (data not shown). Enzyme activities can, therefore, be compared at an intermediate temperature of 9°C (see Fig. 1 ). Cold acclimation of the North Sea eelpout Z. viviparus led to a 1.5-fold increase of CCO activity in the white musculature but not in liver tissue. In contrast, Antarctic eelpout showed minor cold compensation of CCO activity in the white muscle and even negative compensation in the liver. In these animals, enzyme activity amounted to 123 and 57% of the control value in muscle and liver, respectively.
Amounts and integrity of RNA and validation of probes. Cold acclimation provoked a significant increase of total RNA in the white musculature of Z. viviparus. The same trend was observed in liver tissue; however, the differences were less pronounced. In both tissues of the Antarctic species, RNA concentrations were similar to those of the warm-acclimated reference group from the North Sea (see Table 1 ). Isolated RNA showed little contamination with proteins as indicated by high A 260 :A 280 ratios (Ͼ1.8). Northern blot analysis with different probes showed single bands in all cases without smears of lower molecular mass (Fig. 2) .
A comparison of mRNA levels between species requires the use of a probe that binds with similar affinity R509 TEMPERATURE-DEPENDENT CCO EXPRESSION to the mRNA from both species. We chose to use mammalian probes, which should be equally genetically distant from both eelpout species. Furthermore, we used low stringent hybridization conditions to make sure that small differences in sequence between species did not result in different affinities of the mRNAs to the probe. The validity of this approach is supported by the constant ratio of the CCO I to CCO II signal between species (Table 1) . A constant ratio of mitochondrial transcripts (except for 16S RNA) can be expected, because the mitochondrial genome is transcribed into one polycistronic mRNA. Therefore, it is likely that differences in the band intensity of Northern blots do reflect differences in mRNA concentrations rather than sequence differences between groups.
Levels of mitochondrial CCO message. Cold acclimation as well as cold adaptation leads to an increase of both CCO I and CCO II mRNA in the white musculature when expressed per microgram total RNA (Fig. 3,  left) . However, a meaningful comparison of RNA levels with enzyme activity is only possible if both parameters are expressed on the basis of a common denominator. Therefore, we calculated the amounts of mitochondrialencoded CCO mRNA per gram tissue mass and found that white muscle of cold-acclimated Z. viviparus contained 2.6-2.8 times more CCO message than white muscle from warm-acclimated animals. However, mitochondrial CCO message was not significantly higher in Antarctic eelpout compared with the control group (Fig.  3, right) . A different picture emerges from the liver tissue; whereas cold-and warm-acclimated Z. viviparus had the same amount of mitochondrial CCO message per microgram total RNA, Antarctic eelpout showed lower levels of CCO mRNA (Fig. 4, left) . When expressed per gram tissue mass, levels of CCO transcripts were slightly, but not significantly, higher in cold-than in warm-acclimated Z. viviparus. Antarctic eelpout showed the lowest concentrations of mitochondrial CCO message of all three groups (Fig. 4, right) .
Levels of 16S RNA. Levels of 16S RNA were significantly increased in the white muscle of cold-acclimated Z. viviparus. Antarctic eelpout showed higher 16S levels per microgram total RNA than the control group; this difference disappeared, however, when expressed on a per gram tissue mass basis (Fig. 3) . As mentioned above, all mitochondrial mRNAs are usually transcribed with a 1:1 stoichiometry, whereas mitochon- Values are means Ϯ SE. It should be noted that ratios do not give information of absolute concentration ratios of transcripts, because Northern blot analysis only determines relative amounts of RNA. Differences in ratios between groups indicate relative differences in the differential expression of transcripts. Accl T, acclimated temperature; CCO, cytochrome-c oxidase. * Significant difference from the warm acclimated control group. CCO I:CCO II ratio in liver of cold-acclimated Z. viviparus was significantly different from the ratio found in white muscle of P. brachycephalum but not from other values. drial rRNA levels can be adjusted independently. Therefore, it makes sense to compare 16S levels relative to mitochondrial mRNAs to reveal a relative increase of 16S, which may indicate an adaptive increase of the translational capacity of the mitochondria. In the white musculature, ratios of 16S over CCO I and CCO II message were constant between warm-acclimated Z. viviparus and Antarctic eelpout, but showed a trend to relatively higher 16S concentrations in cold-acclimated Z. viviparus (Table 1 ). This trend was not significant, however. 16S levels in the liver tissue were increased after cold acclimation but were low in Antarctic eelpout (Fig. 4) . Ratios of 16S over CCO I and CCO II, however, were significantly higher in liver of both cold-acclimated and cold-adapted fish ( Table 1) .
Levels of nuclear CCO message. To investigate whether temperature affects the expression of nuclear and mitochondrial CCO subunits in a coordinate fashion, as is suggested by several studies on mammalian tissues (see introduction), we determined levels of mRNA specific for CCO IV, a nuclear-encoded CCO subunit. During cold acclimation of Z. viviparus, CCO IV transcripts increased 3.3-and 3.7-fold per gram muscle and liver tissue, respectively (see Table 2 ). This increase was stronger than that observed for the mitochondrially encoded message (2.6-to 2.8-fold increase in muscle; 1.2-to 1.6-fold increase in liver), indicating that there is a joint, but not a stoichiometric, increase of nuclear and mitochondrial transcripts during cold acclimation.
In muscle and liver of the Antarctic eelpout, concentrations of CCO IV-specific message displayed huge individual variations. Surprisingly, CCO IV mRNA levels showed different trends than mitochondrial message for CCO I and II. Compared with the warmacclimated control group, CCO IV mRNA concentrations were low in muscle and high in liver. Fig. 3 . Levels of mitochondrial transcripts in white musculature of North Sea eelpout (Z. viviparus) acclimated to 18 and 0°C and of Antarctic eelpout (P. brachycephalum). Data were corrected using 18S signal. Left: relative amount of specific RNA per µg total RNA. Right: relative amount of specific RNA per gram tissue mass. Values are expressed relative to warm-acclimated control group, which was set to 1. * Significant difference from warm-acclimated control group. #Significant difference from 0°C-acclimated North Sea eelpout.
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DISCUSSION
CCO activity. Acclimation to low temperatures generally leads to a compensatory increase of CCO in fish (2, 43, 44) . Enhanced enzyme activity in the cold can be achieved by modulation of the specific activity of the individual enzyme molecule or by changes of the amount of enzyme per gram tissue. During thermal acclimation, CCO activity may be modulated by temperaturedependent modification of the composition of mitochondrial membranes (homeoviscous response; 46). But because both cold acclimation and cold adaptation go along with an increase in mitochondrial volume density (11) , it is likely that the adaptive increase of CCO activity is at least in part achieved by a rise of the number of CCO molecules. This has indeed been shown in goldfish, where the amount of CCO increased by 66% between 25 and 5°C (45). Values are means Ϯ SE. Amounts are expressed relative to the warm-acclimated control group. Data were corrected using the 18S signal. * Significant difference from warm-acclimated control group.
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In white musculature of the eurythermal eelpout from the North Sea (Z. viviparus), CCO activity increased 1.5-fold between 18 and 0°C, which complies with partial temperature compensation (Precht type 3; 35). On the basis of the Q 10 value of 1.4-1.5 that we found for CCO activity, complete compensation would be achieved by a 1.8-to 2.1-fold increase in enzyme activity. Surprisingly, CCO activities in the Antarctic eelpout were only slightly, but not significantly, higher than in warm-acclimated Z. viviparus. This is surprising when our previous results on this species are considered. Resting levels of oxygen consumption are increased to the same extent in both cold-acclimated and cold-adapted eelpout (43) . Additionally, Antarctic eelpout are able to recover faster from exhaustive exercise than cold-acclimated Z. viviparus at 0°C, indicating a higher aerobic capacity of the Antarctic species (17) . On the basis of these data, we had expected to find the same or even higher CCO activities in Antarctic eelpout compared with cold-acclimated North Sea animals. Crockett and Sidell (8) found 3.6-fold increased CCO activities in the white muscle from Antarctic versus temperate fish. Comparative investigations from Torres and Somero (41) showed higher activities of citrate synthase, another oxidative enzyme, in Antarctic than in Californian fish. However, this difference was only small and not significant. These two studies emphasize once again the difficulties comparing nonrelated species from different latitudes because large differences of physiological parameters are observed also between species of the same thermal habitat. A comparison of confamilial species is less biased by interspecific variations and may, therefore, draw a more reliable picture.
The liver tissues of both species showed no or even inverse cold compensation with respect to CCO activity. The absence of cold compensation in liver tissue has also been shown in goldfish and channel catfish (36, 42) . Cold exposure leads to a relative increase of liver mass as indicated by an increase of the hepatosomatic index (g liver/100 g fish; 3, 12, 36) . Therefore, cold compensation of the liver may be achieved on the whole organ rather than on the tissue level.
Expression of CCO. Levels of mitochondrial message (CCO I, CCO II, and 16S) per microgram total RNA are increased in the white musculature of both coldacclimated and cold-adapted eelpout (Fig. 3, left) . This means, that in addition to a general increase of all RNA species, which is observed in 0°C-acclimated Z. viviparus (see Table 1 ), cold exposure leads to a specific increase of mitochondrial transcripts. This may be brought about either by enhanced transcription of the mitochondrial genome or by a higher stability of mRNA in the cold. Studies on mammalian tissues suggest that increases in mitochondrial gene expression are achieved by gene amplification. Higher mtDNA copy numbers lead to increased mitochondrial transcription rates and therefore higher transcript levels (44) . An increase of mtDNA copy number seems likely to occur during cold acclimation or adaptation because of a generally observed rise in mitochondrial volume density under these conditions (11) . However, cold acclimation of trout did not lead to significant increases of mtDNA in either white or red muscle (2) . Cold exposure of rat induced an increase of mitochondrial volume density in liver tissue (15) correlated with higher levels of mitochondrial transcripts, but without a concomitant increase in mtDNA copy number (29) . The authors ascribe the enhanced transcript levels to a general increase of mitochondrial transcription per DNA copy (29) , but it may also be caused by enhanced transcript stability. An intertissue comparison of mitochondrial determinants in trout also showed flexible relationships between mitochondrial transcripts and mtDNA copy number in different tissues (26) , which correlates with differences in mRNA stability between tissues (6). There is more and more evidence that mRNA degradation rates are involved in the control of gene expression. Increased mRNA stability causes the increase in mitochondrial transcript levels during liver development in rat (33) . Modulation of RNA stability as a mediator for coldspecific gene expression has been shown in winter flounder. Nuclear mRNA levels of type I antifreeze protein (AFP) increase as much as 1,000-fold during winter. This increase is at least partly due to higher stability of AFP mRNA at low temperatures (10) . In two studies on the effects of cold exposure on gene expression in fish, increases in message levels have been correlated with enhanced transcription rates. In a northern population of killifish F. heteroclitus, twofold higher levels of LDH-specific mRNA are brought about by twofold increased transcription rates compared with a southern population (7) . Similarly, a transient increase of desaturase mRNA during cold acclimation of carp is correlated with an increase in desaturase gene transcription (40) . Further investigations will show whether the observed increase in CCO message is due to changes in transcription or mRNA stability.
On first sight, levels of mitochondrial CCO-specific mRNA seem to reflect CCO activities in eelpout liver and white muscle. Closer analysis of the data, however, reveals that this is only the case for warm-acclimated Z. viviparus and for P. brachycephalum. Plotting normalized CCO activity versus normalized CCO I mRNA yields data points that lie on the line of identity, indicating that a doubling of message leads to a doubling of enzyme activity (Fig. 5A) . The strong correlation between CCO message and CCO activity suggests that in these two groups of fish CCO activity is determined by the amount of mitochondrial CCO message.
In cold-acclimated Z. viviparus, transcript levels are no longer tightly correlated with enzyme activities (see Fig. 5A ). These animals show a 2.6-to 2.8-fold increase of mitochondrial CCO mRNA, whereas enzyme activity increases only 1.5-fold. A loosening of the correlation between CCO message and enzyme is also observed in the liver tissue of cold-acclimated Z. viviparus (Fig.  5B ). Because these data suggest that CCO synthesis in cold-acclimated Z. viviparus is not limited by mitochondrial message, two alternative explanations are possible. Either CCO synthesis is limited by transcript R513 TEMPERATURE-DEPENDENT CCO EXPRESSION levels of nuclear subunits or by the translational capacity of the mitochondrial or the cytosolic compartment. Studies on mammalian tissues suggest that levels of nuclear-encoded CCO subunits are not limiting CCO synthesis (19 and see Ref. 24) . This is supported by our data that show that the transcript levels of the nuclearencoded CCO IV subunit are increased even more during cold acclimation than mitochondrial CCOspecific mRNAs (see Table 2 ). Similarly, nuclear mRNA levels for respiratory proteins increase to a greater extent than do mitochondrial mRNA species in coldacclimated trout (2) . Therefore, CCO expression in cold-acclimated Z. viviparus is likely not limited by mitochondrial or nuclear message.
Apparently, cold acclimation leads to an enhanced expression of both the nuclear and mitochondrial genome; nuclear message increases more strongly, however. The parallel increase of nuclear and mitochondrial message may be simply due to similar effects of temperature on both nuclear and mitochondrial mRNA turnover, or it may involve a regulatory coordination of the two genomes via signal transduction pathways. A coordinate expression of nuclear and mitochondrially encoded subunits of CCO has been shown in different tissues of rat (14, 20) . Furthermore, an equimolar upregulation of mitochondrial and nuclear CCO gene products occurs during biogenesis of mitochondria induced by chronic stimulation of rat skeletal muscle or cold exposure of brown adipose tissue (21, 24) . A decrease of mitochondrial content in rat brown adipose tissue during lactation is correlated with a decrease in both mitochondrial-and nuclear-encoded CCO message (28) . These results indicate a close coordination between the two genomes, possibly through the mitochondrial transcription factor A or common transcription factors that act on the nuclear as well as the mitochondrial genome (see introduction and Ref. 30 ). An uncoordinate expression of the two genomes, especially with respect to nuclear and mitochondrial CCO subunits, seems to be the exception, but has been observed in growing and differentiating 3T3 cells (27, 31) .
Limitation of CCO expression on a posttranscriptional level. Our data suggest that in cold-acclimated eelpout CCO expression is not limited to the transcriptional but rather to the translational or posttranslational level.
An indicator of the translational capacity of a certain tissue is the amount of ribosomal RNA, assuming that the amount of rRNA correlates with the number of ribosomes (see Refs. 22, 40) . Total RNA consists of 95-98% cytosolic ribosomal RNA (22) . Thus amounts of total RNA can be regarded as a measure of cytosolic rRNA levels. In Z. viviparus, cold acclimation leads to a twofold increase of rRNA in the cytosol (as indicated by total RNA; Table 1 ) and an even 3.4-fold increase in mitochondrial rRNA (16S RNA; Fig. 3 ). This suggests that in 0°C-acclimated Z. viviparus, the translational machinery is cold compensated at least to some extent. An increase in total RNA with cold acclimation has also been observed in carp and cod (13, 16) . A 1.3-to 2-fold increase of total RNA in different tissues of cod was correlated with a perfect compensation of total protein synthesis rates (13) .
In Antarctic eelpout no compensatory increase of rRNA is observed. In both investigated tissues cytosolic as well as mitochondrial rRNA is as low as in the warm-acclimated reference group. Nevertheless, our data suggest that CCO synthesis is not limited by translational capacity, because CCO activity correlates with mitochondrial CCO transcripts (Fig. 5 ). This is confirmed by a study of Smith and Haschemeyer (38) , who showed that translational activity at 0°C is higher in white muscle and liver of two Antarctic fish species than would be predicted from extrapolation of the data on temperate fish. High levels of elongation factor EF-1 are suggested to mediate the compensatory increase of the translatory capacity (18) . Apparently, Antarctic fish have upregulated the translational activity of the indi- tissues. Both enzyme activity and mRNA levels were normalized to tissue mass. RNA levels were corrected using 18S signal. Data are expressed as a ratio relative to value obtained in warm-acclimated control group. r, 18°C-acclimated Z. viviparus; s, 0°C-acclimated Z. viviparus; n, Antarctic eelpout.
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If the translational machinery is cold compensated in both species, the observed limitation of CCO synthesis in cold-acclimated Z. viviparus may then be due to temperature effects on the assembly of the CCO holoenzyme. CCO assembly is known to be a slow process and may be rate limiting for CCO synthesis (33) . Because temperature affects the kinetics and equilibria of weak, noncovalent molecular interactions, it will have a strong effect on protein assembly processes. These temperature effects may have been compensated in Antarctic eelpout by structural adaptations of the CCO subunits. Cold compensation of protein assembly processes has been shown for the polymerization of microtubuli in Antarctic fish (9) .
Perspectives
Our data show that seasonal cold acclimation, as opposed to evolutionary adaptation to constantly cold conditions, displays different characteristics with respect to the expression of the oxidative enzyme CCO in fish. Although seasonally cold-acclimated eelpout show higher enzyme levels than the warm-acclimated control group, cold-adapted Antarctic fish fail to show this compensatory increase of enzyme activity. Adaptation as well as acclimation to cold goes along with an increase in mitochondrial density (11) . However, the aerobic capacity of the individual mitochondrion is increased only during cold acclimation in eurythermal species, but remains low or is even reduced in stenothermal polar animals (34) . This is in line with the observed differences in CCO activity in North Sea and Antarctic eelpout. Our data suggest that temperature-related differences in mitochondrial aerobic capacities between and within species are induced at the mRNA level. Fine regulation of the expression of oxidative enzymes may occur by translational or posttranslational regulation, as in the case of CCO synthesis in cold-acclimated Z. viviparus. Future studies will investigate which of the posttranscriptional processes are limiting during cold exposure and how these temperature effects are compensated in eurythermal versus stenothermal species.
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